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The implantation of cultured re-associations between embryonic dental mesenchymal cells and 
epithelial cells from mouse molars at embryonic day 14 (ED14) allowed making full teeth with 
crown, root, periodontal ligament fibers, and bone. Although representing valuable tools to set 
up methodologies embryonic cells are not easily available. This work thus aimed to replace the 
embryonic cells by dental mesenchymal cell lines or cultured expanded embryonic cells, and to 
test their ability to mediate tooth development in vitro when re-associated with a competent 
dental epithelium. Histology, immunostaining and RT-PCR allowed getting complementary 
sets of results. Two different immortalized cell lines from ED18 dental mesenchyme failed in 
mediating tooth formation. The potentialities of embryonic dental mesenchymal cells decreased 
from ED14 to ED16 and were lost at ED18. This is likely related to a change in the mesenchymal 
cell phenotype and/or populations during development. Attempts to cultivate ED14 or ED16 
embryonic dental mesenchymal cells prior to re-association led to the loss of their ability to 
support tooth development. This was accompanied by a down-regulation of Fgf3 transcription. 
Supplementation of the culture medium with FGF2 allowed restoring Fgf3 expression, but not 
the ability of mesenchymal cells to engage in tooth formation. Altogether, these observations 
suggest that a competent cell population exists in the dental mesenchyme at ED14, progressively 
decreases during development, and cannot as such be maintained in vitro. This study evidenced 
the need for specific conditions to maintain the ability of dental mesenchymal cells to initiate 
whole tooth formation, when re-associated with an odontogenic epithelium. Efforts to improve 
the culture conditions will have to be combined with attempts to characterize the competent 
cells within the dental mesenchyme.
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cells from first lower molars at ED14 is time consuming and the 
number and frequency of experiments depend on having embryos 
at the right stage, which is not possible every day. Several murine 
cell sources, including ecto-mesenchymal cells prepared from late 
embryonic or adult teeth, immortalized or not, as well as bone 
marrow-derived cells have been tested in different experimental 
conditions (Young et al., 2002; Duailibi et al., 2004; Ohazama 
et al., 2004; Iwatsuki et al., 2006; Honda et al., 2007b, 2008; Yen 
and Sharpe, 2008; Arany et al., 2009; Huang et al., 2009). The goal 
of these complementary approaches was to engineer either a whole 
tooth or specialized dental tissues.
As a first step toward qualifying an easily available cell source, 
attempts were thus made to replace freshly isolated embryonic den-
tal mesenchymal cells either by cell lines, or by in vitro-expanded 
cells from ED14 first lower molars. To this end, we analyzed the 
potentialities of two clonal dental mesenchymal cell lines derived 
from ED18 mouse first lower molars, when re-associated with an 
intact ED14 dental epithelium, known to be competent (Hu et al., 
2005; Nakao et al., 2007; Honda et al., 2008; Arany et al., 2009). 
Both cell lines present an odontoblast gene signature (Priam et al., 
2005), but17IA4 behaves as a multipotent cell progenitor capable 
of differentiating toward an odonto/osteoblast, chondroblast, or 
IntroductIon
Cultured re-associations of murine embryonic dental epithelial and 
ecto-mesenchymal cells allow tooth formation in vitro (Hu et al., 
2006a; Nakao et al., 2007). This included epithelial histogenesis 
and the formation of a functional primary enamel knot (PEK) 
after 3–4 days (Hu et al., 2005; Nakao et al., 2007), then driving 
cusps formation after 6 days (Hu et al., 2005). Finally odontoblasts 
differentiated, became functional, and thus could induce amelob-
last differentiation. In both cases, gradients of differentiation were 
observed as in physiological conditions. After implantation of these 
cultured re-associations, the root development was initiated, and 
the dental mesenchyme and enamel organ became vascularized 
(Hu et al., 2006a; Nait Lechguer et al., 2008, 2011). This vasculariza-
tion was an important step since it allowed further mineralization 
of the dentin and enamel in the crown. In the root, dentin, and 
cementum were secreted and periodontal ligament fibers formed, 
which interacted with the surface of root and extended toward 
newly formed bone (Hu et al., 2006a; Nait Lechguer et al., 2011). 
These data obtained with cells from embryonic day (ED)14 first 
lower mouse molar represent a set of criterions to be satisfied with 
other cell sources if this experimental strategy has to be applied to 
whole tooth engineering. However, the preparation of embryonic 
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and ED18 respectively). Dental mesenchymal cells from ED14 have 
been cultured for 4 days in the presence of FGF2, before they were 
re-associated with an ED14 dental epithelium (38 re-associations).
Re-associations between cloned cell lines or embryonic mesen-
chymal cells and dental epitheliums from ED14 have been cultured 
for 2, 4, 6, 8, and 10 days as previously described (Hu et al., 2005) 
on a semi-solid medium which consisted of DMEM/F12 (Gibco, 
Invitrogen), containing 20% FBS (Cambrex Bio Science Verviers 
SPRL, Verviers, Belgium) and supplemented with ascorbic acid 
(0.10 mg/ml, Merck, Darmstadt, Germany), l-glutamine (2 mM, 
Gibco, Invitrogen), penicillin/streptomycin (50 U/ml, Gibco, 
Invitrogen), and agar (0.36%, Sigma-Aldrich Chimie SARL, Lyon, 
France). Cultures were incubated at 37°C in a humidified atmos-
phere of 5% CO
2
. The medium was changed every 2 days.
In vIvo ImplantatIon
Re-associations between 17IA4 and 705IC5 cells with dental epithe-
liums from ED14 were cultured for 2 days prior to their implanta-
tion between skin and muscles behind the ears in 8 weeks old mice 
according to Hu et al. (2006a). The implants were maintained up 
to 2 weeks.
Immunofluorescence and hIstology
Implanted re-associations between 17IA4 cells/epithelium 14 and 
705IC5 cells/epithelium 14 were embedded in Tissue-Tek. Serial 
frozen sections (7 μm) were stained with polyclonal rat anti-CD31 
(1/100) (BD Pharmingen, Evry, France) for the detection of vas-
cular endothelial cells (Nait Lechguer et al., 2008), with polyclonal 
rabbit anti-aggrecan (1/100; Santa Cruz, Tebu-bio, Le Perray-en-
Yvelines, France) for detection of cartilage and with polyclonal 
rabbit anti-osteopontin (1/200; Santa Cruz, Tebu-bio) for detection 
of bone. After washing with PBS, sections were incubated with 
secondary anti-rat or anti-rabbit antibodies conjugated to Alexa 
594 (Molecular Probes, Invitrogen).
For histology, samples were fixed in Bouin–Hollande, embed-
ded in paraffin and 5 μm serial sections were stained with Mallory.
rna IsolatIon and rt-pcr analysIs
RT-PCR was performed on dental mesenchymal cells from ED14, 
ED16, and ED18 mouse molars, just after the tissue dissociation 
or after they have been cultured for 4 days, and on 17IA4 cells. 
Similar analysis were performed on ED14 dental mesenchymal cells, 
17IA4 and 705IC5 cells cultured for 1 or 4 days in the presence of 
FGF2. Total RNA was isolated by affinity chromatography using 
the RNeasy® Minikit (Qiagen Inc., Hilden, Germany) and reverse-
transcribed with oligo (dT)
12
 and Superscript III (Invitrogen), 
according to the manufacturer protocols. In each experiment 1 μg 
of total RNA was used for RT in a final reaction volume of 20 μl, 
1 μl being used for PCR. PCR amplification was carried out with the 
Go Taq Hot Start kit (Promega, Charbonnières-les-Bains, France) 
according to the manufacturer’s instructions, using the specific 
primers listed in Table 1. PCR conditions were as followed: ini-
tial denaturation of 3 min 94°C followed by 35 cycles at 94°C for 
1 min, annealing for 1 min and elongation for 1 min at 72°C, with a 
final extension of 10 min at 72°C. PCR products were separated by 
electrophoresis on 1.5% agarose gels. Primer sequences, annealing 
temperatures and size of amplified products are listed in Table 1.
adipocyte phenotype upon appropriate induction, while 705IC5 
displayed a more restricted potential (Lacerda et al., unpublished 
data). We also evaluated the potentialities of freshly isolated versus 
cultured embryonic dental ecto-mesenchymal cells obtained from 
ED14, ED16, and ED18 mouse first lower molars, to stimulate epi-
thelial histogenesis and cell differentiation, when in contact with 
the competent epithelium.
materIals and methods
clonal dental mesenchymal cells
Clonal mesenchymal cell lines (17IA4 and 705IC5), derived from 
ED18 mouse molars by limiting dilution, were characterized as 
previously described (Priam et al., 2005). These cells were cultured 
in DMEM/F12 (Gibco, Invitrogen, Cergy Pontoise, France) sup-
plemented with l-glutamine (2 mM, Gibco, Invitrogen), 10% fetal 
bovine serum (FBS, Gibco, Invitrogen), and penicillin/streptomy-
cin (50 U/ml, Gibco, Invitrogen). The medium was changed every 
2 days. In some experiments, FGF2 (2 ng/ml; PeproTech Inc., Rocky 
Hill, NJ, USA) was added to the culture medium. In this case, the 
culture medium was changed every day.
embryonIc dental mesenchymal cells
First lower molars were dissected from ICR mice (Charles River 
Laboratories, L’Arbresle, France) embryos at ED14, ED16, and 
ED18 (the vaginal plug day was determined as ED0). All procedures 
were in compliance with the recommendations of the European 
Economic Community (86/609/CEE) on use and care of labora-
tory animals.
The dental epitheliums and mesenchymes from ED14, ED16, 
and ED18 mouse molars were dissociated by using 1% trypsin 
(Difco, BD Biosciences, Le Pont-de-Claix, France) in DMEM/F12 
culture medium at 4°C for 30 min. The absence of contamina-
tion of any tissue by the other was checked from histological sec-
tions as previously described (Hu et al., 2006a). The mesenchymes 
were further dissociated, filtrated in order to get single cells, and 
suspended in MEM (Gibco, Invitrogen) containing 20% FBS 
(Cambrex Bio Science Verviers SPRL, Verviers, Belgium), peni-
cillin/streptomycin (50 U/ml, Gibco, Invitrogen), and l-glutamine 
(2 mM, Gibco, Invitrogen; Hu et al., 2005). The cells were either 
immediately used for re-association or cultured for 4 days before 
re-association. In some experiments, the dental mesenchymal cells 
from ED14 were cultured for 1 or 4 days in the presence of FGF2 
(2 ng/ml; PeproTech Inc.) before their re-association with a den-
tal epithelium. For theses experiments, the culture medium was 
changed every day.
re-assocIatIons and In vItro culture
Clonal mesenchymal cells 17IA4 and 705IC5 were re-associated 
with an intact ED14 epithelium (28 re-associations for 17IA4 and 
21 re-associations for 705IC5). Further re-associations were per-
formed with 17IA4 cells (n = 18) and 705IC5 (n = 17) after these 
cells had been pre-cultured for 4 days in the presence of FGF2.
Epithelium of ED14 was re-associated with freshly dissoci-
ated mesenchymal cells of ED14 (81 re-associations), ED16 (15 
re-associations), and ED18 (16 re-associations) or with mesen-
chymal cells cultured for 4 days before re-association with ED14 
epithelium (66, 62, and 11 re-associations for cultured ED14, ED16, 
www.frontiersin.org March 2011 | Volume 2 | Article 7 | 3
Keller et al. Tooth engineering using dental cells
both types of implants were vascularized (Figures 2A,F), as also 
revealed by immunostaining for CD31, a marker for endothelial 
cells (Figures 2B,G). However, there still was no sign of tooth for-
mation. Both cell types secreted matrices with different histological 
aspect (compare Figure 2C with Figure 2H). Differences in the 
extracellular matrix were further documented by immunostaining. 
Indeed, the matrix produced by 17IA4 cells was strongly positive 
for osteopontin (Figure 2E) and remained negative for aggrecan 
(Figure 2D). Conversely, the matrix produced by 705IC5 cells was 
positive for aggrecan (Figure 2I) and showed a very weak signal 
for osteopontin (Figure 2J).
The implantation of cultured re-associations did not allow 
improving the potentialities of clonal ecto-mesenchymal cell lines 
to stimulate tooth histo-morphogenesis in vitro.
Importance of embryonIc age to prepare dental ecto-
mesenchymal cells
The absence of tooth formation as observed with cloned cell lines, 
while prepared from ED18 dental papillae, raised the question of 
maintenance/loss of cell potentialities during tooth development. 
Dental ecto-mesenchymal cells were therefore prepared from ED16 
and ED18 mouse first lower molars and compared to those from 
ED14, after re-association with an intact dental epithelium from 
ED14 (Figure 3).
In the re-associations performed with ED14 dental mesen-
chymal cells, only preodontoblasts were present at the epithelial– 
mesenchymal junction after 6 days (Figures 1C and 3A). In the 
epithelium, cells of the stratum intermedium (SI) were visible 
(Figure 3A). After 10 days, odontoblasts became functional and 
secreted predentin while ameloblasts started to polarize (Figure 3B).
When dental mesenchymal cells from ED16 were used for re-
association, functional odontoblasts were present after 6 days in 
culture (Figure 3C). Gradients of differentiation were observed 
(data not shown). At this stage, the epithelial histogenesis was fully 
achieved in 75% cases after 6 days, showing the IDE, the ODE and 
the SI, which interacted with elongated and polarized ameloblasts 
(Figure 3D). However, the tooth morphology did not show the 
presence of several cusps, which could be expected at that stage. 
Tooth formation was initiated in 26% of the re-associations, when 
using mesenchymal cells from ED16, instead of 52% when using 
mesenchymal cells from ED14.
results
clonal mesenchymal cells from ed18 mouse molars
Two different clonal dental mesenchymal cell lines (17IA4, 705IC5) 
have been tested. The observations made with these cells were com-
pared with the results obtained when using dental mesenchymal 
cells from ED14 molars as control, as already shown to allow tooth 
development (Hu et al., 2006a; Nait Lechguer et al., 2008).
After 2 days for both clonal cell lines, only round mesenchy-
mal cells were present at the epithelial–mesenchymal junction 
(Figures 1E,I) and there was no sign of epithelial histogenesis. At the 
same stage of culture, when using ED14 dental mesenchymal cells, 
the epithelial–mesenchymal junction was restored and a discrete 
stellate reticulum (SR) was interposed in between the inner dental 
epithelium (IDE) and outer dental epithelium (ODE; Figure 1A).
After 4 days, re-associations made with 17IA4 or 705IC5 cell 
lines did not display any typical dental epithelial histogenesis 
(Figures 1F,J), whereas when using embryonic dental mesenchymal 
cells, the PEK and the SR were clearly visible (Figure 1B).
After 6 days, re-associations with clonal mesenchymal cells did 
not show any progress with epithelial histogenesis (Figures 1G,K), 
indicating that the absence of a PEK after 4 days was not simply 
a matter of delay. Although initially present at the onset of the 
re-association, the PEK could not be maintained in these experi-
mental conditions. After 6 days, in re-associations made with ED14 
mesenchymal cells, secondary enamel knots (SEK) were present at 
the tip of the cusps (Figure 1C). However, the mesenchymal cells in 
contact with the epithelium still remained as round undifferenti-
ated preodontoblasts (Figure 1C).
After 10 days, when using cloned dental mesenchymal cells, 
crown morphogenesis was not achieved (not shown). There was 
no odontoblast differentiation and disruptions of the epithelial–
mesenchymal junction were observed with both 17IA4 and 705IC5 
cell lines (Figures 1H,L). In contrast, with the embryonic den-
tal cells, odontoblasts differentiated (Figure 1D), they elongated, 
polarized, and became functional, accumulating predentin at the 
epithelial–mesenchymal junction (Figure 1D).
Since neither 17IA4 nor 705IC5 cell line could lead to tooth-like 
differentiation when cultured in association with an ED14 dental 
epithelium, attempts were made to implant these re-associations 
after an initial culture for 2 days. This pre-culture allowed the 
epithelial–mesenchymal junction to be restored. After 2 weeks, 
Table 1 | Sequences of the primers used in RT-PCR analysis, size of the amplified products and annealing temperatures.
Gene transcript Annealing T (°C) Sense primer Antisense primer Size (bp)
GAPDH 58 TGAAGGTCGGTGTGAACGGATTTGGC CATGTAGGCCATGAGGTCCACCAC 1000
Lhx6 55 CGACGACATCCACTACTCTCCGT CAAGCTGAATTAGCCATTGCTCC 430
Lhx7 55 CAAGGTGAATGACTTATGCTGGCA GTCTTGCTCTGTGAGAAGGGCTC 390
Pax9 60 GCATCCGCTCCATCACCGACC TGGACGCTCCCATCAGAGTGC 433
Dlx5 60 CAGAAGAGTCCCAAGCATCC GAGCGCTTTGCCATAAGAAG 193
Msx1 60 AAGTTCCGCCAGAAGCAGTA TCAGGTGGTACATGCTGTAG 339
Msx2 55 CCTCGGTCAAGTCGGAAAATTC CGTATATGGATGCTGCTTGCAG 420
Bmp2 59 CTGCAGCAAGAACAAAGCAG GAGGGCCCACAAGATAATCA 206
Bmp4 55 CCAGAGAATGAGGTGATCTCC TGGCAGTAGAAGGCCTGGTAG 569
Fgf3 59 GCAAGCTCTACTGCGCTACC TGCGTTGTAGTGATCCGAAG 203
Fgf10 59 GTCAAAGCCATCAACAGCAA CTCTCCTGGGAGCTCCTTTT 199
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When mesenchymal cells from ED18 were re-associated with an 
epithelium from ED14, an epithelial–mesenchymal junction was 
visible after 2 days (Figure 3E). However, epithelial histogenesis 
or cell differentiation was never observed after 6 days (Figure 3F). 
Instead, the dental epithelium keratinized (Figure 3F).
These experiments showed that the potentialities of embryonic 
dental ecto-mesenchymal cells diminished when the development 
progressed, suggesting a decrease in the number of competent cells.
effect of a prelImInary culture of dental cells prIor to 
re-assocIatIon
A second possibility to explain the negative results obtained with 
the two clonal cell lines could be linked to their culture and the 
multiple passages required for their cloning. To test a possible 
effect of the culture, dental mesenchymal cells were prepared from 
ED14, ED16, and ED18 mouse first lower molars, and cultured 
for 4 days prior to re-association with an epithelium from ED14 
(Figure 4).
Cultured dental mesenchymal cells from all three stages failed 
to support tooth development when re-associated with an ED14 
enamel organ (Figures 4B,E,H). Indeed, despite the maintenance 
of an epithelial–mesenchymal junction, no sign of epithelial his-
togenesis was detected after 2 days (Figures 4A,D,G) or 6 days 
(Figures 4C,F,I).
Cultured dental mesenchymal cells from ED14 and ED16 pro-
duced much more extracellular matrix that their non-cultured 
counterparts (compare Figure 4 with Figure 3). This matrix deposi-
tion increased with time (compare Figure 4D with Figures 4E,F at 
FiGuRe 1 | In vitro re-associations between intact eD14 dental 
epithelium and dissociated single dental mesenchymal cells. The 
epitheliums were re-associated with dissociated mesenchymal cells from 
ED14 first lower molars (A–D), or with cloned ED18 dental mesenchymal 
cells 17IA4 (e–H) or 705IC5 (i–L). The re-associations were cultured for 2 days 
(A,e,i), 4 days, (B,F,J), 6 days (C,G,K), or 10 days (D,H,L). DE, dental 
epithelium; DP, dental papilla; IDE, inner dental epithelium; Mes, 
mesenchyme; ODE, outer dental epithelium; PEK, primary enamel knot; SEK, 
secondary enamel knot; SI, stratum intermedium; SR, stellate reticulum; Od, 
odontoblast; PAm, preameloblast. Bars = 40 μm.
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molars. At all stages, freshly prepared and cultured cells expressed 
Pax9, Dlx5, Lhx6, Lhx7, Msx1, Msx2, Bmp2, Bmp4, and Fgf10. 
Notably, at all three stages, the expression of Fgf3 transcripts was 
drastically down regulated in the cultured cells (Figure 5, lanes 
2, 4, 6), compared to freshly prepared cells (Figure 5, lanes 1, 3, 
5). The pattern of gene expression observed in the pulpal clone 
17IA4 (Figure 5, lane 7) was similar to that in cultured embryonic 
mesenchymal cells.
effects of fgf2 on cultured mesenchymal cells
Several groups have suggested that FGF2 might affect the proper-
ties of cultured dental mesenchymal cells. To test this possibil-
ity, dissociated ED14 dental mesenchymal cells as well as 17IA4 
and 705IC5 cells were cultured in the presence of FGF2 and 
tested for their expression of Fgf3 and ability to support tooth 
development.
Fgf3 expression was restored in cultured ED14 dental mesenchy-
mal cells when FGF2 was added to the medium for 1 day (Figure 6A, 
lane 3) or 4 days (Figure 6A, lane 5), compared to the same cultures 
performed without FGF2 (Figure 6A, lanes 2 and 4 respectively). 
However, these conditions did not allow the cultured mesenchymal 
cells to regain their capacity to stimulate tooth development in 
re-association (Figure 6B).
FGF2 had no effect on clonal cell lines, neither to stimulate 
Fgf3 expression (Figure 6A, lanes 6–9), nor to restore a functional 
dental epithelial–mesenchymal junction in re-association (com-
pare Figure 6C with Figure 1H and Figure 6D with Figure 1L). 
However, FGF2 increased matrix production in 17IA4 cells (com-
pare Figure 6C with Figure 1H).
Fgf3 expression in ED14 dental mesenchymal cells was stimu-
lated by FGF2. However, this was not sufficient to restore the ability 
of these cells to support tooth development.
dIscussIon
While dental embryonic cells can be used to set up a methodol-
ogy allowing complete tooth engineering (Hu et al., 2005, 2006a; 
Nakao et al., 2007; Nait Lechguer et al., 2008, 2011), new cell 
preparations for each experiment are time consuming and the 
amount of cells is often limiting the number of experiments. 
Attempts were thus made to use more easily available cell sources 
such as cell lines or culture expanded embryonic cells. Although 
this is required for both the epithelial and ecto-mesenchymal 
components of the tooth, as a first step, only the mesenchyme 
was taken into account.
use of two clonal mesenchymal cell lInes
In view of replacing the ecto-mesenchymal cell compartment, 
two different clonal dental mesenchymal cell lines, prepared from 
mouse molars at ED18, were tested: 17IA4 and 705IC5 (Priam 
et al., 2005). Despite their dental ecto-mesenchymal origin and 
odontoblast progenitor signature (Priam et al., 2005), the two 
clones tested in this work failed to initiate tooth development, 
when re-associated with a competent dental epithelium. An epi-
thelial–mesenchymal junction was rapidly reconstituted, but the 
characteristics of a dental epithelial histogenesis, visible at ED14, 
was rapidly lost in the cultured re-associations and neither odon-
toblasts nor ameloblasts differentiated.
ED16 or Figure 4G with Figures 4H,I at ED18) and with the age 
of the embryos used to prepare the mesenchymal cells (compare 
Figure 4C with Figures 4F,I).
These experiments clearly showed that cultured cells loose their 
ability to stimulate tooth formation after re-association with a com-
petent epithelium. The culture prior to re-association also led to 
a change in the phenotype of the mesenchymal cells, as seen from 
their accumulation of extracellular matrix.
gene expressIon analysIs In freshly prepared versus 
cultured mesenchymal cells
The expression of several genes, known to be involved in tooth 
development, was analyzed by RT-PCR in freshly dissociated and 
cultured dental mesenchymal cells from ED14, ED16, and ED18 
FiGuRe 2 | implantation of cultured re-associations between clonal dental 
mesenchymal cell lines and intact eD14 dental epithelium. After 2 days 
in vitro, re-associations performed with 17IA4 (A–e) and 705IC5 (F–J) clonal cell 
lines were implanted under the skin of a mouse for 2 weeks. Histology showed 
the presence of blood vessels in the two types of implants (A,F), which was 
confirmed by immunostaining for CD31 (B,G). Histological sections suggested 
differences in the extracellular matrix secreted by the two cell lines (C,H). 
Immunostainings for aggrecan (D,i) and for osteopontin (e,J) showed differential 
antigenicity, in the matrix secreted by 17IA4 (C–e) and by 705IC5 (H–J). 
Bars = 10 μm (A,F), = 20 μm (e), = 40 μm (C,G–J), = 80 μm (B), = 100 μm (D).
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an ED14 dental epithelium were implanted for 2 weeks. However, 
even in these conditions where re-vascularization occurred, no 
dental tissue developed.
The fact that 17IA4 and 705IC5 cell lines cannot engage in 
tooth development probably results from their inability to specify 
a dental epithelial–mesenchymal junction during the early stages 
of the re-association. Similar observations were reported when re-
associating dental mesenchymes from ED18 with dental epitheli-
ums from ED13 or even ED15 (Ruch and Karcher-Djuricic, 1971, 
see Figures 10 and 11). There was a too important stage difference 
between the two interacting tissues.
changes In the potentIalItIes of dental mesenchymal cells 
durIng development
To test a possible change in cell potentialities during development, 
re-associations were performed between a competent enamel organ 
from ED14 and dental mesenchymal cells at different stages. The 
capacity of dental mesenchymal cells to stimulate the development 
of tooth-like structures decreased from ED14 to ED16, and was 
lost at ED18.
Although the histological organization in the dental papilla is 
much less visible than in the enamel organ, several cell types are also 
present there. They include odontoblasts and the sub-odontoblast 
cell layer, blood vessels stem cells, associated to the blood vessels 
or not and nerves at late stages. It has been shown also that cells 
with a mesodermal origin could participate in the dental papilla 
formation, being brought through vascularization (Chai et al., 2000; 
Rothova et al., 2011). This cellular heterogeneity changes during 
development, and this might explain the progressive loss of potenti-
alities that we observed. Similar changes have been reported recently 
when comparing mesenchymal cells from unerupted and erupted 
Previous reports have shown that dental mesenchymal cells from 
ED18.5 after long-term culture and multiple passages could form 
teeth when re-associated with an enamel organ from ED14.5 and 
implanted for 2 weeks in subrenal capsule (Arany et al., 2009). These 
results might thus appear conflicting with ours. However, Arany 
et al. (2009) cultured cells in the presence of FGF2. This factor has 
been reported to help in maintaining the specific properties of 
different progenitor cell types. For example, hESC-derived neuro-
nal progenitors were found to retain their full capacity to gener-
ate dopamine neurons after repeated passaging in the presence of 
FGF2 (Morizane et al., 2010). FGF2 has been shown to increase the 
lifespan and potential for differentiation of mesenchymal stem cells 
from the bone marrow (Bianchi et al., 2003). In cultured human 
dental pulp cells, FGF2 increases the ratio of Stro-1 positive stem 
cells (Morito et al., 2009). It was also found to stimulate the func-
tional differentiation of odontoblasts and ameloblasts (Russo et al., 
1998; Tsuboi et al., 2003), but indirectly by modulating the effects 
of TGFβ1 (Unda et al., 2000). The results obtained by Arany et al. 
(2009) suggest that (1) cell culture and passages are not impairing 
their use for tooth engineering, provided that this is done in the 
presence of FGF2 and (2) it is possible to restore the heterogene-
ity of a dental papilla after implantation of re-associations with a 
single type of cloned mesenchymal cells, which is more surpris-
ing. One possibility would be that the cloned cells could initiate 
tooth re-formation and then stem cells from the host could par-
ticipate in further stages (Chai et al., 2000; Nait Lechguer et al., 
2008; Rothova et al., 2011). Besides allowing tissue oxygenation 
and dental matrices mineralization (Nait Lechguer et al., 2008, 
2011), the vascularization of implanted cell–cell re-associations 
might thus participate in other aspects of odontogenesis. To test 
this possibility, re-associations between 17IA4 or 705IC5 cells and 
FiGuRe 3 | In vitro development of re-associations between an eD14 
intact dental epithelium and dissociated dental mesenchymal cells from 
different embryonic stages. Dental epitheliums were re-associated with 
mesenchymal dental cells from embryonic days 14 (A,B), 16 (C,D), or 18 
(e,F). The re-associations were cultured for 2 days (e), 6 days (A,C,D,F), or 
10 days (B). Am, ameloblast; DE, dental epithelium; DP, dental papilla; IDE, 
inner dental epithelium; KC, keratinized cyst; Mes, mesenchyme; Od, 
odontoblast; ODE, outer dental epithelium; pAm, preameloblast; Pd, 
predentin; pO, preodontoblast; SI, stratum intermedium. Bars = 20 μm (A–C) 
and 40 μm (D–F).
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loss of potentIalItIes In vItro
When cultured for 4 days only and without passage, the dental mes-
enchymal cells from ED14 and ED16 were no longer able to induce 
the formation of tooth-like structures. This loss of potentialities 
occurred very rapidly since it was already observed after 24 h in vitro 
(data not shown). It might reflect a change in the phenotype and/
or in the heterogeneity of the mesenchymal cells, possibly due to an 
in vitro selection (Patel et al., 2009; Yu et al., 2010). Similarly, loss of 
cell potentialities in vitro has been reported for SP (side population) 
cells, considered to be primitive stem cells within the hematopoietic 
system (Challen and Little, 2006; Johnnidis and Camargo, 2008). SP 
cells were detected in adult porcine and human dental pulp (Iohara 
et al., 2006; Honda et al., 2007a). This SP cell fraction, which does 
not seem to be a single homogeneous one, could not be maintained 
in vitro (Honda et al., 2007a). Bone marrow cells have also been used 
for tooth engineering (Ohazama et al., 2004; Hu et al., 2006b). Their 
culture and passaging also had consequences on their phenotype 
(Igarashi et al., 2007; Halfon et al., 2011).
As a first step to search for possible changes in gene expression, 
which could be induced by the culture, RT-PCR was performed on 
dental mesenchymal cells to analyze the expression of several tran-
scription factors (Pax9, Dlx5, Lhx6, Lhx7, Msx1, Msx2) and signal-
ing molecules (Bmp2, Bmp4, Fgf3, and Fgf10), all involved in tooth 
development. All the genes selected for this initial approach were still 
mouse molars (Balic et al., 2010). The proportion of mesenchy-
mal cells able to engage in tooth re-formation in our experimental 
conditions may thus diminish as the development progresses from 
ED14 to ED16, and becomes too small at ED18 to allow tooth 
formation. Competent dental mesenchymal cells from ED18 and 
later stages would then need to be enriched or cloned in order to 
be used for tooth engineering.
Postnatal dental pulp cells have been isolated from either rat, pig, 
or human and tested for their potential to differentiate toward an 
odonto/osteogenic program (Huang et al., 2009) and to contribute 
to dental pulp tissue formation (Batouli et al., 2003; Duailibi et al., 
2004; Cordeiro et al., 2008; Iohara et al., 2009; Sakai et al., 2010). At 
present, they probably constitute the best candidate cell population 
to be used in tooth engineering. However, up to now only one group 
has reported on their capacity to participate in the generation of a 
bioengineered tooth germ (Honda et al., 2007b). Different stem cell 
populations appear to co-exist in the human pulp, as suggested by 
their distinct differentiation potentials in vitro or in vivo (Gronthos 
et al., 2000; Laino et al., 2005; Kerkis et al., 2006; Iohara et al., 2009), 
but nothing is known about their possible relationship with the 
embryonic cells tested in this study. Another potential pitfall using 
postnatal dental pulp stem cells for tooth tissue engineering is that, 
like embryonic cells, they can show alterations or loss of their poten-
tialities during expansion in vitro (Wagner et al., 2010).
FiGuRe 4 | In vitro development of re-associations between an intact eD14 
dental epithelium and cultured dissociated dental mesenchymal cells from 
different embryonic stages. Dental epitheliums were re-associated with 
cultured dental cells from ED14 (A–C), 16 (D–F), or 18 (G–i). The re-associations 
were cultured for 2 days (A,D,G), 4 days, (B,e,H), or 6 days (C,F,i). DE, dental 
epithelium; Mes, mesenchyme. Bars = 40 μm.
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expressed by cultured cells, except for Fgf3, which was drastically down 
regulated upon culture. Mesenchymal FGF3 has been suggested to 
act on the epithelium (Kettunen et al., 2000; Nakatomi et al., 2010). 
Since FGF1, FGF2, and FGF8 can induce Fgf3 expression in the mes-
enchyme (Bei and Maas, 1998), these FGFs will have to be tested 
on cultured mesenchymal cells. Preliminary experiments showed 
that FGF2 allowed an up-regulation of Fgf3 expression in cultured 
ED14 dental mesenchymal cells, but not to restore their potentiality 
to engage in tooth formation when re-associated with a competent 
dental epithelium. FGF1 and FGF8 will have to be further investigated.
Recently, it was shown that stem cells environment might deter-
mine their behavior (Discher et al., 2009; Govindasamy et al., 2010; 
Li et al., 2010). This might apply to dental mesenchymal cells as 
well and allow a modulation of their activities during physiological 
tooth development. A transient change in these conditions, when 
cells are dissociated, might be much easier to restore after imme-
diate re-association than after a period of culture in vitro, when 
cells have reorganized their surface to adjust to their monolayer 
conditions (Berthiaume et al., 1996; Zaidel-Bar et al., 2004). Not 
only cell–cell but also cell-matrix interactions are modified in these 
conditions (Lesot et al., 1992; Patel et al., 2009). The cell surface 
plays a central role in determining the ability of cells to react to their 
environment and to interact with their neighbor. The expression 
FiGuRe 5 | RT-PCR analysis of the expression of a series of gene 
transcripts (Lhx6, Lhx-7, Pax9, Dlx5, Msx1, Msx2, Bmp2, Bmp4, Fgf3, and 
Fgf10) in dissociated dental mesenchymal cells from eD14, eD16, and 
eD18 mouse embryonic first lower molars (respectively lanes 1, 3, and 5), 
and from the same cells cultured for 4 days (14 + 4: lane 2, 16 + 4: lane 4, 
and 18 + 4: lane 6) and in the pulpal clone A4 (lane 7). GAPDH was used as 
an internal control.
FiGuRe 6 | effect of FGF2 on the expression of Fgf3 (A) and cell 
potentialities in re-associations (B–D). FGF2 was added to the culture 
medium of ED14 dental mesenchymal cells or 17IA4 and 705IC5 cells for 
1–4 days and its potential effect on Fgf3 was tested by RT-PCR. RT-PCR 
analysis of the expression of Fgf3 gene in dental mesenchymal cells from 
ED14 just after dissociation (lane 1), cultured for 1 day (lane 2) or 4 days (lane 
4) without FGF2 or cultured in the presence of FGF2 for 1 day (lane 3), or 
4 days (lane 5). 17IA4 and 705IC5 dental pulpal clones were also cultured 
either in the presence of FGF2 for 4 days (lanes 7 and 9 respectively) or 
without FGF2 (lanes 6 and 8 respectively). GADPH was used as an internal 
control. Dental mesenchymal cells from ED14 (B), 17IA4 cells (C), and 705IC5 
cells (D) were cultured for 4 days in the presence of FGF2 and then for 10 days 
in re-association with an intact ED14 dental epithelium. DE, dental epithelium; 
Mes, mesenchyme. Bars = 40 μm.
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conclusIon
Tooth formation occurred when a dental epithelium from ED14 
was re-associated with embryonic dental mesenchymal cells from 
ED14 and ED16. However, this was no longer possible with mes-
enchymal cells from ED18, probably because at that stage the pro-
portion of cells able to engage in odontogenesis was too small. At 
ED18, the dental mesenchyme still contains competent cells, as 
shown after their cloning (Arany et al., 2009). A critical step in 
the re-association seemed to correspond to the first 24 h, when a 
dental type of epithelial–mesenchymal junction can be induced 
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